This paper reports an improvement of the particle-excitation flow control valve. The valve that we have designed in previous reports can control air flow, using particle excitation by piezoelectric resonance, and has the following advantages: small size, lightweight, high response and continuous airflow control. However, in our previous models, the relationship between the driving voltage and the flow quantity was nonlinear. In this report, we improved the valve to realize proportional flow control. The valve consists of the orifice plate, that has some orifices, and steel particles to seal the orifices and piezoelectric transducer. It controls air flow by the voltage applied to the transducer. For proportional flow control, it is important to adjust the orifice position adequately. In this report, we optimized the orifice position, considering resonance condition of the valve. We designed the experimental prototype using a boltclamped Langevin type transducer and decided orifice position. And we evaluated its vibration properties and flowrate characteristics. The experimental results showed that our designed prototype can proportionally control airflow.
Background
A pneumatic actuation system has many advantages, including lightweight, safety, and low cost. Because pneumatic actuators have compliance, they are widely researched for human support devices [1] [2] [3] [4] [5] . Recently, the actuators are examined as the application of artificial muscles and soft actuators [6] [7] [8] [9] [10] . However, it is difficult to control pneumatic equipment since air is compressible and has nonlinear characteristics. Therefore, highly controllable devices are in great demand. Many kinds of pneumatic control devices have been researched [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . Especially, piezoelectric (PZT) actuators are widely used [14] [15] [16] [17] [18] [19] [20] [21] [22] [24] [25] [26] [27] [28] because some of these actuators have high response and large power. Because the strokes of PZT actuators are very small and must be increased, some researches use laminated PZTs [17] [18] [19] , bimorph structure [16] , motors [20, 21, 24] , or displacement amplifier mechanisms [25] [26] [27] [28] . Especially for proportional or servo valves, since the stroke of the actuated part is critical, displacement amplifier mechanisms are used. A valve with displacement amplifier mechanisms is heavy and large. We designed flow control valves using particle excitation mechanism whose advantages are small size and high response [29] [30] [31] [32] . This control mechanism uses PZT resonance frequency and does not need the displacement amplifier mechanism.
In previous report, we demonstrated its basic structure and confirmed that it has potential to provide a large flow rate [29] . We showed new mechanism of the valve using deferent types of particles for stable flow control [30] . We discussed orifice condition of the valve and designed prototype that can control air flow continuously [31] . And we expanded orifices diameter to increase flow quantity and checked responsiveness of the valve [32] . However, the flow conditions of the prototypes were nonlinear. In this report, we proposed a new model of particle-excitation valve that can realize the proportional flow control. For proportional flow control, we optimized the orifice position considering vibration mode. Firstly, we showed the basic mechanism and then specifically explained its design, how the valve makes the flow condition proportional. Secondly, we designed a prototype optimizing the orifice position. To decide orifice position, we used the approximation of orifice deformation shape. Next we showed the designed prototype's basic characteristics. Finally, we provided the results of a flow rate change experiment and explained the flow rate characteristics.
Proportional mechanism using particle excitation valve

Basic control mechanism of particle excitation
Firstly, we explain the basic principle of the previously designed particle-excitation mechanism [29] . Figure 1 shows a cross section of a flow control valve and establishes its basic working principle using particle excitation. This valve consists of an orifice plate, a piezoelectric transducer, and steel particles. The orifice plate is located at the transducer's antinode. Figure 1a depicts the valve in non-driving state. Airflow is supplied from the airport, as shown by the large arrow in Fig. 1 . Particles are carried on the orifices by the supplied airflow. Since the supplied airflow presses particles onto the orifices and they work like poppets, the valve is normally closed. Figure 1b shows the valve's driving state. The small arrow shows the vibration direction. In this state, the control valve is excited by the transducer's resonance frequency. Therefore, deformation is generated at the orifice plate, and the vibration force moves the particles away from the orifice plate. As a result, air flows through the opened orifices. To control the flow rate, the vibration is changed so that the number of opened orifices is altered. Thus, the airflow can be controlled by changing the voltage applied to the transducer. In this mechanism, the moving particles could close the orifices irregularly. However, when the resonance frequency is large, the closing time becomes so short and the effect is ignorable. This working principle does not need a mechanism to locate and fix the poppets and we expect that the device can be downsized. In addition, because this valve uses the PZT transducer, the valve has potential for high response. The switching time of the valve using this mechanism was approximately 5 ms [32] .
The orifice opening condition is determined by the balance between the pneumatic force and the particle's vibrational force [29] . The pneumatic force is decided by:
where F 1 is the force pressing the particle onto the orifice, P is the supplied air pressure, r is the orifice radius, m is the particle mass, and g is the gravity acceleration. The maximum particle's vibration force is:
where F 2 is the vibration force, A is the amplitude of the particles, and ω is the angular frequency when driving voltage frequency f is defined as ω = 2πf. If F 2 is larger than F 1 , the particles move away from the orifices.
Using Eqs. (1) and (2), the orifice opening condition is calculated: where a means the particle's acceleration and a is defined as a = Aω 2 . When using the resonance vibration, the frequency is constant. Therefore, from Eq. (2), F 2 is dependent on A, which has the same orifice plate displacement value when the particle is on orifice. The orifice plate displacement is controlled by changing the voltage applied to the transducer. In previous reports, for continuous flow control, we arranged orifices from the center at 0.2-mm intervals [31, 32] . However, in that mechanism, orifice plate deformation condition was not considered and flow condition was nonlinear. In this report, we designed a prototype in which the orifice position is optimized with consideration of the orifice deformation condition for proportional control.
We used 0.8 mm diameter particles of stainless steel (density: 7.93 × 10 3 kg/m 3 ), and each particle mass was 2.13 mg. When the P parameter is 0.4 MPa and r parameter is 0.2 mm, a parameter is 23.6 km/s 2 . This value is larger than gravity acceleration and gravity effect is ignored when each particle is on orifice.
Proportional condition
This section explains the proportional air flow control method. Figure 2 shows the aspects of the flow rate change and the vibration displacement of the orifice plate. PZT transducer vibrates at a resonance frequency, the orifice plate generates a vibration mode that resembles the deformation mode in Fig. 2 . When the applied voltage frequency is constant, the deformation shape does not change, and the orifice plate displacement is proportionate to the applied voltage. In this mode, the deformation of the center part is larger, and the particle near the center is excited with greater force. As the orifice plate's displacement increases, the orifices open from inside one by one ( Fig. 2b-d ). For proportional flow rate, the number of opened orifices should be proportionate to applied voltage. In this condition, the difference of the applied voltage from state of That should apply to all orifice numbers and, making that voltage difference represented by ΔV, we can approximate the effective cross sectional area. In this condition, the effective cross sectional area of the valve is the sum of sectional area of orifices. When an orifice sectional area is s eo , the effective cross sectional area S e is represented by:
where V is applied voltage and V min is the voltage with which the first orifice gets open. So that Eq. (4) stands up, the V min , ΔV and applied pressure should be constant and the voltage range should be between the voltage with which the first orifice opens and the voltage with which the last orifice opens. When the air pressure is large enough, the flow becomes choke condition and the flow rate Q is decided by
where K is proportionality constant, P is supplied air pressure and θ is temperature of the inner valve [33] . From Eqs. (4) and (5), flow rate is proportional to effective cross sectional area and consequently is proportionate to applied voltage. For a proportional flow rate change, the orifice position should be fitted to the orifice plate deformation shape.
Prototype design
Configuration of prototype
To design the orifice position, the orifice plate's vibration shape is needed. In this section, we explain the prototype condition. The prototype is designed to improve the previous model using a bolt-clamped Langevin type transducer (BLT) and Fig. 3 shows a cross section of the prototype whose mechanism can generate large acceleration at the orifice plate [30] . The prototype long is 80 mm and diameter of main part is 20 mm. This transducer, which generates longitudinal vibration, has two ring-type PZTs with the directional polarization of the thickness. The orifice plate, which forms the transducer's top, is the antinode of the vibration, and it vibrates at the BLT's resonance frequency. The BLT is designed so that the flange and PZT parts are at the vibration node. This transducer is hollow, and an air tube is attached to the inner flange by a rubber O-ring. Therefore, the space from the O-ring to the orifice plate becomes the air chamber. The orifice plate diameter is 12 mm and the thickness of orifice plate is 0.8 mm. Figure 4 shows the FEM results of the resonance condition. From this result, the orifice plate is the antinode and the orifice plate generates large vibration deformation. Figure 5 shows the components of the prototype, which consists of a main body and a bolt that attaches the orifice plate, the orifice plate, a bolt that attaches the PZTs, a nut, ring-type PZTs, and electrodes. The prototype is made of stainless steel, except the PZTs and electrodes. The orifice plate has 12 orifices whose diameter is 0.4 mm and orifice condition is shown at next section. The PZTs' outer diameters are 20 mm, inner diameters are 13 mm, and thicknesses are 4 mm. The electrodes are made of copper. The particles are 0.8 mm diameter stainless steel. Figure 6 shows the assembled prototype and its weight is 150 g.
Orifice position design for proportional flow condition
In this section, we explain the method to design orifice position using shape of orifice plate deformation generated by vibration. We approximated the orifice plate's deformation shape, using a clamped circular plate deformation. The clamped plate's deformation is determined by the following equation:
where u is the plate's deformation, P is the stress, D is the flexural rigidity, a is the plate's radius, and r is the distance from its center [34] . The stress depends on the voltage applied to the transducer, and the flexural rigidity is constant. The center part of the deformation (r = 0) is: For simplification, the relation is calculated between the distance from the center of the orifice plate and the reduction of the displacement ratio using Eqs. (6) and (7):
Deformation ratio ω(r) of the orifice plate depends on the distance from its center. When the orifice plate displacement is proportional to the applied voltage, voltage V(r), which is needed to open the orifice at any distance from the center, is calculated:
where V c is the voltage needed to open the orifice at the center and r is the distance from its center. Using Eq. (9), to choose a proper orifice position, the minimum and maximum applied voltages as well as the orifice number are needed. The minimum and maximum applied voltages depend on respectively the innermost and outermost orifice positions. The following V min voltage opens the innermost orifice, and V max opens the outermost orifice.
The voltage difference ΔV is decided by V max , V min and the number of orifices. ΔV is determined by:
where N is the total number of orifices and it is constant number.
.
Using Eq. (12), the Eq. (4) becomes simple:
When the applied pressure is constant and consequently V min and V max are constant, increase of effective cross sectional area changes in proportion to applied voltage, from first orifice opening to final orifice opening.
In this condition, V n , which is needed to open the nth orifice from the innermost orifice position, is expressed using ΔV:
On the other hand, V n and r n were calculated for the nth orifice relations using Eq. (8) From these results, the orifice plate's condition is determined by the innermost and the outermost orifice positions and the orifice numbers. Even though the V min and V max are changed by supplied air pressure, the condition is kept where the flow rate is proportional to the applied voltage because the change rate of V min and V max are same.
Using Eq. (8), orifice position r n is decided by ω(r n ).
The orifice position is determined by the innermost and the outermost orifice positions and the orifice numbers, and the valve's sectional area changes in proportion to the applied voltage.
To select the orifice position, we need the orifice plate's displacement ratio at each location. The FEM results and the calculated result determine the orifice position. Figure 7 shows the relationship between the orifice plate's displacement ratio and the distance from its center. The continuous line indicates FEM results, and the dashed line represents the results calculated by Eq. (8) . The orifice plate has 6 mm radius and a = 6 means orifice plate edge. As shown in Fig. 7 , the results
(18) r n = a 2 − a 2 ω(r n ). Because the calculated and FEM results are close inside the 3.0-mm radius, the outermost position is decided at 3.0 mm. In this report, the diameter of particles is 0.8 mm and the innermost orifice position is decided at 1.1 mm to avoid the crash of each particle. From Fig. 7 , the displacement ratio is 95% at 1.1 mm and 60% at 3.0 mm. The orifices are located at equal distance from each other as possible. In this study, the total number of orifices is 12, and their diameter is 0.4 mm. Under 0.6 MPa, the maximum flow rate is about 80 L/min, and the minimum flow rate is about 7 L/min. In this condition, outermost orifice position is 3.0 mm and innermost orifice position is 1.1 mm and ω(r max ) and ω(r min ) are decided by Eq. (8) . ω(r min ) is 0.934 and ω(r max ) is 0.563. When N is 12, ω(r n ) is decided integrating these values into Eq. (17) .
From this equation, ω(r n ) is decided by orifice number n. The distance from center of orifice plate is calculated using Eqs. (18) and (19) . Figure 8 shows the relationship between orifice number and distance from center of orifice plate. The orifices are numbered from inner to outer. Table 1 shows the orifice position in designed orifice plate. Figure 9a shows the orifice position and Fig. 9b shows photograph of orifice part.
Basic characteristics of the prototype
Next we checked the basic characteristics of the designed prototype: the resonance frequency and the vibration condition. We checked the prototype's resonance (19) ω(r n ) = 11 11.78 − 0.706(n − 1) frequency using frequency response analyzer and measured the vibration acceleration with a laser vibrometer. Figure 10 shows the relationship between the frequency of the applied voltage and the admittance when the applied voltage is 2 V p-p . From this result, the admittance and phase changed notably at 47 kHz. The valve's resonance frequency was about 47 kHz. Figure 11 shows the relationship between the frequency of the applied voltage and the center's acceleration. When the applied voltage was 20 V p-p , the transducer achieved maximum vibration acceleration at 47.13 kHz, and when the applied voltage was 120 V p-p , it achieved maximum vibration acceleration at 46.95 kHz. These results show that the transducer vibration frequency was changed by the applied voltage. To reduce influence of the vibration frequency change by applied voltage, driving frequency was determined experimentally. Figure 12 shows relationship between applied voltage and vibration acceleration of orifice plate when the driving frequency is 46.10 kHz. From Fig. 12 , the acceleration of orifice plate is proportional to applied voltage, under both increasing and decreasing applied voltage. From this result, this driving frequency is suitable for flow control experiment. Next, we checked vibration-mode shape using laser Doppler velocimetry and compared it with the analytical results (Fig. 13) . Since the orifice plate deformation ratio is near the suppositional mode, the orifices are at the optimal position.
Flow rate characteristics
Finally, we investigated the flow rate characteristics. Figure 14 shows the experimental setup used to measure them. This system consists of a function generator, a voltage amplifier, a compressor, an air tank, an air pressure gauge, and a flow meter. When the control valve is driven, the air flow is ejected. We measured the relation between the voltage applied to the PZT and the change in the flow rate. The flow meter is a thermal-type (CKD FSM2-101). In this mechanism, we cannot check the number of particle on orifice plate. For stable condition, we used a larger number of particles than the number of orifices, encapsulating 30 particles. We also conducted experiments by supplying pneumatic pressure of 0.4-0.6 MPa in 0.1-MPa increments. The applied voltage varied from 0 to 140 V p-p and, to check the static condition, the varied time was decided on 240 s. Additionally, the orifice plate center's acceleration was checked by a laser vibrometer and a lock-in amplifier. The experimental results are shown in Fig. 15 . From Fig. 15 , the flow control valve smoothly changed the airflow except at low flow rate. The acceleration state under low applied voltage was different from that of Fig. 12 . However, when the applied voltage was high enough and the flow rate sure changed, the acceleration was proportional to the applied voltage and was not influenced by the flow rate nor the air pressure conditions. The flow conditions changed between low flow rate and high flow rate. This phenomenon occurred in all of the pressure conditions. We checked the relationship between the flow rate condition and the orifice acceleration. Figure 16 shows the flow rate condition, the innermost orifice acceleration, and the outermost orifice acceleration on 0.4 MPa. Both accelerations were calculated by the center's acceleration and the value in Fig. 11. From Fig. 16 , the flow rate achieved maximum value at about 92 V p-p . In this condition, the outermost orifice acceleration achieved a value of 46.5 km/s 2 and outermost orifice opened. The innermost orifice acceleration is 46.5 km/s 2 at about 58 V p-p , and the flow rate condition is changed at this voltage. From this result, the innermost orifice gets open when the applied voltage is 58 V p-p at 0.4 MPa. The particle movements are imagined by experimental results. Figure 17 shows an image of particle motion. When the acceleration value is small, the particle doesn't move with the orifice plate (Fig. 17a) . Figure 17b shows the particle movement state. When the acceleration increases, the particle starts moving and generates a gap between the orifice and the particle that changes with the acceleration and an increasing flow rate. Figure 17c shows the orifice opening state. In this condition, the particle is moved away from the orifice by the vibration and the orifice maintains the opening condition except the moving particles irregularly close. Because this state's condition conforms to that required in the designed state, the flow rate is proportionate to the applied voltage when the voltage is between 58 and 92 V p-p . This phenomenon occurred in all the pressure conditions. Therefore, the flow rate is proportionate to the applied voltage regardless of the pressure scale except under a low flow rate. On the other hand, the flow rate characteristics have temporal increase and decrease. This was because the particles opened and closed irregularly. When the flow rate increases, the number of moving particles increases, and the flow rate varies temporally. Optimizing the orifice size, the number of orifices and the particle size could solve this problem.
Finally, we established the hysteresis characteristics and measured the flow rate change when the applied voltage increased and decreased with low speed. The applied voltage changed from 0 to 140 V p-p and 140 to 0 V p-p . Figure 18 shows the experimental results at 0.5 MPa. The applied voltage changed from 0 to 140 V p-p and 140 to 0 V p-p with 240 s. In this control valve, the particles close orifices perfectly when flow rate decrease, and increase in flow rate and decrease in flow rate are close value. From this result, the valve is low hysteresis when applied voltage changes slowly. 
Conclusion
We explained how to control proportionally the airflow using a particle-excitation valve. This method required the orifice plate deformation shape and the orifice position. In this paper, we designed the experimental prototype using a bolt-clamped Langevin type transducer that can generate the large vibration acceleration at orifice plate. And we designed the orifice position using approximated orifice plate deformation. Next, we also analyzed prototype's basic characteristics and decided the driving condition. Finally, the prototype's flow rate control characteristics were evaluated. This control valve can proportionally control the airflow when the acceleration is proportional to the applied voltage and orifice acceleration exceeds the orifice opening condition. These characteristics were stably generated under changing air pressures: 0.4, 0.5, and 0.6 MPa. Additionally, the prototype shows stable flow characteristics when flow rate decreases. We conclude that this mechanism has potential to create proportional valves with many advantages.
